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Abstract 
The U.S. Environmental Protection Agency has developed a Vulnerability Evaluation Framework (VEF) for the geologic 
sequestration (GS) of carbon dioxide which can be used as a reference to inform site-specific assessments and risk management 
decisions. A comparison of the VEF with site assessments of three current GS projects revealed considerable agreement between 
key elements of the VEF and the three site assessments. It also identified three key topics for further exploration — expansion of 
scope, treatment of geologic attributes, and management of uncertainty — and an area of future research as projects move 
forward — a more detailed assessment of receptors. 
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1. Introduction 
The U.S. Environmental Protection Agency (EPA) has developed a Vulnerability Evaluation Framework (VEF) 
for the geologic sequestration (GS) of carbon dioxide (CO2). The VEF is a first step toward a conceptual framework 
designed to aid regulators and other technical experts in framing key site-specific considerations that may require an 
in-depth evaluation for GS project design, site-specific risk assessment, monitoring, and management [1]. The 
process of developing this framework has helped EPA understand the nature of potential GS risks and highlighted 
research gaps and areas for future analysis. Peer reviewers encouraged further development of specific aspects of the 
VEF as well as the demonstration of its practical applicability. With this in mind, EPA conducted a high-level 
comparison of the VEF with site assessments of three currently operating GS sites. 
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The objective of this comparison was to test the basic assumptions, comprehensiveness, and applicability of the 
VEF through the lessons learned from GS site assessment experience. This exercise revealed considerable 
agreement between the elements of the VEF and the three site assessments with respect to key features and GS site 
evaluation approaches. Three key topics were identified for further exploration — expansion of the scope of 
geologic setting, the treatment of geologic attributes that were not identified or were characterized differently, and 
the integral issue of management of uncertainty. This exercise toward practical application of the VEF also led EPA 
to additional questions about the assessment of impacts to potential receptors. 
 
2. Background 
Key factors of GS systems that may influence vulnerability were carefully selected by EPA through an extensive 
literature review, consultations with experts, and an examination of other comprehensive efforts (such as the 
Quintessa Features, Events, and Processes [FEPs] database [2]). Figure 1 shows the conceptual model of the VEF. 
The geologic attributes that could increase or decrease the vulnerability of a GS system to unanticipated migration,1 
leakage,2 or pressure changes make up the confining system and the injection zone. In addition, receptors are 
identified in five impact categories (human health and welfare, atmosphere, ecosystems, groundwater and surface 
water, and the geosphere) that may be potentially affected in the event of unanticipated migration, leakage, or 
pressure change. Information about geologic attributes and receptors feed into a series of evaluation flowcharts. 
These flowcharts aid in determining if low or high vulnerability may exist for that particular situation, and suggest 
how that vulnerability may be managed. The VEF also includes an approach for defining the spatial area around an 
injection site that may be evaluated for impacts.  
 
1
 “Migration” refers to the subsurface movement of CO2 (or other fluids) within or out of the injection zone. 
2
 “Leakage” refers to the movement of CO2 (or other fluids) to the surface (e.g., to the atmosphere or oceans). 
 
Figure 1. The VEF conceptual model, identifying embedded evaluation processes. 
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Criteria for selecting current project site assessments to compare with the VEF included the availability, detail, 
and scope of the assessment. Availability of the assessments, including data collected on the GS system and 
information on processes used for each site assessment, allowed comparison to the VEF. The level of detail of the 
descriptions of how the vulnerability of leakage and adverse impacts to different receptors were addressed at each 
project was important for conducting the comparison exercise. The VEF was designed to focus on deep saline 
formations; a wide scope of project injection and site conditions was selected to test the range of the VEF’s 
applicability. 
 
Based on these criteria, three projects were selected for comparison to the VEF: the Frio Brine Pilot Experiment 
in Texas, USA; the Weyburn Enhanced Oil Recovery (EOR) Project in Saskatchewan, Canada; and the Gorgon 
Project in western Australia (Table 1). Site documents reviewed for this exercise are listed in the table, and include 
an Environmental Assessment (Frio), an Environmental Impact Statement (Gorgon), and peer-reviewed publications 
(Frio and Weyburn). 
 
Table 1. Summary of projects selected for comparison 
Project Location Type Period Volume Purpose of GS project 
Documents reviewed, 
by reference number 




Texas, USA Saline Initial: 2004 
Second: 2006
Initial: 1,600 tons 
Second: 320 tons 
Testing measurement and CO2 plume 
monitoring techniques and the validity of 
existing hydrologic and geochemical 
models.  









Initial: 5,000 tons 
per day 
Final: 7,000 tons 
per day 
Focusing on geologic characterization; 
prediction, monitoring, and verification 
of CO2 plume movement; storage 
capacity and distribution estimation; and 
long-term risk assessment. Developing a 











3.4 million tons per 
year (125 million 
tons total) 
GS is a principal component of this 
proposed gas development project’s 
greenhouse gas management approach. 
[10] [11]a 
a. In late 2007, the venture team announced plans to increase the size of its proposed development, which resulted in a renewed public 
environmental review that concluded in November 2008. The proposal that was released for public environmental review and the Final EIS both 
build on the content of the Draft EIS. 
 
3. Key outcomes of comparison 
There was considerable agreement between the evaluation approaches described in the VEF and the three site 
assessments. For example, the identification of key geologic attributes, in particular, the assessment of wells and 
faults, was a major part of all the assessments. As highlighted in the VEF, the collection and use of CO2 monitoring 
data to validate and refine site models was also a key aspect of all of the assessments. 
 
The comparative exercise helped identify three topics for further exploration within the VEF:  
 
1. Potential expansion of the scope of the VEF from a focus on deep saline formations to other geologic settings, 
such as EOR and enhanced coal bed methane (ECBM) recovery sites. 
 
2. Additional geologic attributes that could be considered in the VEF. 
 
3. More explicit inclusion in the VEF of strategies for managing uncertainty. 
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The comparison also revealed that, in general, there has been less emphasis on evaluating vulnerabilities to 
receptors than on characterizing the geology of the site and demonstrating the storage of CO2. Here we discuss each 
of these topics in greater detail. 
3.1. Expanding the scope of the VEF 
Though the general concepts of the VEF are relevant to different kinds of GS projects (e.g., storage in deep saline 
formations, EOR, ECBM), the VEF was specifically developed with a focus on deep saline formations. The 
comparative exercise indicated that it might be practical to broaden the scope of the VEF to include GS in EOR 
fields and ECBM sites by explicitly including processes that are unique to these other GS settings. For example, the 
concept of multi-phase diffusion could be included in the VEF to help broaden its applicability to EOR sites. The 
diffusion and relative distribution of CO2 among oil, gas, and water can be a controlling factor in CO2 mobility. The 
Weyburn site risk assessment work highlighted that CO2 dissolved in oil and gas may be less mobile than CO2 
dissolved in water, because it may be contained by physical features (e.g., an anticline structure) that trap oil and 
gas, but do not immobilize water [9]. 
3.2. Additional geologic attributes  
When developing the VEF, a literature review was conducted to create a preliminary list of geologic attributes 
that influence vulnerabilities of GS systems. The initial list was then reviewed and vetted based on expert opinion 
and a further review of the literature. A refined list of attributes is presented in the current conceptual model 
(Figure 1). The review of the three site assessments identified certain geologic attributes that were discussed in the 
VEF technical support document in general terms, but not explicitly included in the conceptual model and 
evaluation processes. 
3.2.1. Tortuosity  
As described in the Gorgon EIS, tortuosity refers to the presence and extent of heterogeneities in the geologic 
system, such as discontinuous silt layers [10] [11]. The presence of such heterogeneities will result in a more 
convoluted, or tortuous, path for CO2 because it will tend to migrate around low-permeability obstacles (Figure 2). 
Tortuosity can increase the potential for CO2 to be trapped by other processes such as capillary trapping [12] [13] 
and dissolution as it comes into contact with fresh formation waters [14] [15], thus reducing CO2 mobility. For 
example, at the Sleipner project in the North Sea, silt layers in the injection zone resulted in a more tortuous path for 
the injected CO2 and much less lateral distribution of the CO2 than anticipated, resulting in a smaller CO2 footprint 
than predicted [16]. However, heterogeneities can also take the form of high permeability layers, which can result in 
faster migration and greater lateral distribution of CO2 than anticipated, which occurred at the Frio site [6]. 
Ultimately, both of these examples illustrate the complexities imparted by heterogeneity in GS systems, and how 
heterogeneities can control the shape and location of the CO2 plume in the subsurface (also see Doughty et al. [3] 
and Flett et al. [15]). They also illustrate the importance of conducting site characterization at a level of detail that 
can capture such heterogeneities so they can be included in site models to predict and understand CO2 location, 
 
Figure 2. Tortuosity. 
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plume shape and size, and migration into the subsurface. The VEF technical support document [1] discusses the 
potential effects of heterogeneities on CO2 migration and plume shape.  
3.2.2. Base of the injection zone 
Modeling of the Weyburn GS system predicted that the most significant CO2 pathway from the injection zone 
was the transport of dissolved CO2 through a high permeability zone underlying the targeted injection zone. It was 
estimated that this pathway would result in approximately 20% of the CO2 leaving the injection zone [9]. This 
example highlights that the properties of geologic formations underlying the targeted injection zone, including 
porosity and permeability, may influence CO2 plume shape and migration, and demonstrates the need to properly 
define the injection zone and ensure that its base is not compromised.  
3.2.3. Depth 
Depth of injection was considered in all three site assessments. Pressure generally increases with depth in the 
subsurface; injecting CO2 at a minimum of approximately 800 meters will generally keep it in its supercritical phase, 
which minimizes required storage space and ultimately costs. Depth was considered at the three sites in an effort to 
ensure that CO2 is injected such that the injection zone space is used most effectively. Similar reasoning has been 
provided by many others for the inclusion of depth as a GS system criterion (see, for example, IPCC [17] and 
references therein). 
 
Depth is identified within the VEF technical support document as a parameter to be included in the evaluation of 
the physical capacity of an injection zone. However, for the purposes of the VEF, although depth may be an 
appropriate design parameter for GS systems (relevant to practical operational cost considerations), it was 
determined that it was not a necessary attribute to consider when evaluating vulnerability. However, several factors 
could justify considering depth as an attribute for evaluating vulnerability. First, the smaller storage space required 
by supercritical CO2 also results in a smaller footprint, which minimizes the area in which receptors may be 
adversely impacted. In this sense, depth reduces vulnerability. Second, all other things being equal, greater depths 
may result in lower vulnerability, because a longer pathway could increase the possibility for processes such as 
dissolution, capillary trapping, and tortuosity (as described for Gorgon) to immobilize the CO2 before it could reach 
potential receptors. For example, Kumar et al. [13] describe scenarios where injected CO2 may become immobilized 
by capillary trapping in the injection zone, before reaching the confining system. 
3.3. Managing uncertainty 
Uncertainty in the characterization of GS systems and the prediction of CO2 plume behavior in the subsurface 
was addressed in all three site assessments. Both the Frio and Weyburn site assessments included detailed site 
characterizations; nevertheless, uncertainties in geologic attributes at these sites resulted in unpredicted plume 
behavior. For example, despite extensive field measurements and modeling at the Frio site, the plume arrived at the 
monitoring well 30% earlier than predicted and was half as thick as modeled. It was determined post-injection that a 
high permeability layer in the injection zone may have been responsible for the observed results [6]. At the Weyburn 
site, plume migration was partially influenced by a set of faults that were not anticipated by the site model [18]. 
Neither example resulted in the leakage of CO2. However, both serve to illustrate how the ability to predict and 
understand the behavior of injected CO2 is constrained by a number of factors, including data availability, type and 
the precision of the tools used to evaluate the data, and the level of detail of site characterization. Considering that 
the level of site characterization for commercial scale operations may differ from research and demonstration 
projects, and given the inherent range of many geologic parameters [5] [17], some degree of uncertainty in the 
ability to predict plume location and behavior may be inevitable. Therefore it is important that strategies for 
managing these uncertainties are considered at each stage of a GS project.  
 
The VEF identifies uncertainties associated with GS and describes approaches for managing uncertainty. For 
example, the VEF well evaluation process identifies that there may be a higher uncertainty and vulnerability at sites 
with a high density of wells, and the fault evaluation process recognizes that there can be uncertainties in the 
potential for faults to conduct fluids. The VEF suggests addressing such uncertainties by developing targeted 
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monitoring and mitigation plans. This comparative exercise also highlighted other approaches that can help to 
constrain uncertainty, including sensitivity analyses, establishing a baseline, and iterative modeling using monitoring 
data to manage uncertainty. These are discussed in the VEF technical report, but are not explicitly incorporated into 
the evaluation processes to the same extent as monitoring and mitigation. 
 
The site assessments employed several different strategies to manage uncertainty: 
 
1. Sensitivity Analysis: Before CO2 injection, a sensitivity analysis could evaluate how variability in key geologic 
parameters might influence CO2 behavior in the subsurface. It could indicate the potential ranges in plume size, 
shape, location, and migration, given the range of uncertainty in geologic parameters such as porosity, 
permeability, and layer thickness. Others have also indicated the importance of assessing the variability in these 
parameters (e.g., Saripalli et al. [19]). 
 
2. Establishing a Baseline: Establishing a baseline involves characterizing the GS site before CO2 injection using 
the same measurement techniques that will be used to monitor the CO2 plume after injection. These 
measurements can then be contrasted to measurements taken after injection begins to interpret the effects of CO2 
injection on the system and to understand CO2 behavior in the subsurface. This approach has been taken at 
commercial sites, including Sleipner [20] and In Salah in Algeria [21]. Establishing a baseline lays the 
groundwork for iterative modeling. 
 
3. Iterative Modeling: Iterative modeling can help develop an improved understanding of the GS system and thus 
more accurate predictions of CO2 behavior in the subsurface over time. In this approach, the site model is 
validated and refined as site characterization and monitoring data are collected. At the Weyburn site, this 
approach involved initially developing a relatively simple conceptual model and refining the model as further site 
characterization and monitoring data were collected. The outcome of the Frio project stressed the particular 
importance of incorporating the results of CO2 monitoring into the site model [4] [5]. According to the Gorgon 
Draft EIS, an iterative modeling approach is also planned for this site, with monitoring data used to validate and 
modify the site model [10] [11]. 
 
4. Monitoring: All three sites indicated the importance of monitoring injected CO2. Monitoring data are important 
for characterizing the CO2 in the subsurface, and ensuring that it does not reach receptors [17] [22] [23]. At the 
Frio and Weyburn sites, monitoring techniques were used to track the CO2 in the subsurface (e.g., seismic 
measurements) and detect unanticipated leakage to receptors (including groundwater resources and the 
atmosphere). In addition to monitoring, the Gorgon EIS presents mitigation strategies in the event of 
unanticipated receptor exposure to CO2. However, as illustrated in the Frio and Weyburn assessments, 
monitoring data may also be used in iterative modeling processes to help validate models and refine our 
understanding of the GS system [5] [9].  
3.4. Key Considerations: Impacts to Receptors 
Work at research- and pilot-scale GS projects such as the Frio and Weyburn sites has until recently focused on 
characterizing the geologic system and understanding CO2 behavior in the subsurface. Monitoring has largely 
focused on confirming the location and behavior of the CO2 and demonstrating that it remains contained in the 
subsurface. With the exception of groundwater resources, there has generally been less focus on identifying 
receptors and developing targeted monitoring and mitigation plans for specific receptors. Research- and pilot-scale 
projects such as the Frio and Weyburn sites, conducted to evaluate the viability of a technology, are often 
deliberately located to avoid sensitive receptors [8] [9]. The Gorgon EIS included an extensive assessment of 
potential ecological receptors [10]. However, the project location was selected in part to avoid sensitive receptors 
rather than developing receptor-targeted monitoring programs. Avoidance of potential receptors may be a protective 
strategy for small-scale projects. However, the full-scale deployment of GS may necessitate a broader suite of risk 
management strategies for addressing potential receptor impacts.  
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At full-scale GS deployment, potential regional-scale and basin-wide vulnerabilities may become relevant. For 
example, the displacement of brine at a basin-wide scale may have regional-scale impacts, including impacts to 
groundwater and surface water resources. Potential impacts at this order of magnitude are beyond the scope of 
individual site assessments such as those reviewed here. However, they are relevant to the application of GS, and 
may therefore ultimately need to be evaluated within higher order assessments and/or individual GS site 
assessments. 
 
The VEF includes decision-support flowcharts for evaluating impact categories, which can help in the 
identification of key receptors and applicable qualitative exposure thresholds. More in-depth consideration of the 
assessment of potential impacts of GS, such as the work being conducted by West et al. [24], may provide further 
assurance that GS can be conducted safely and securely as we advance toward full-scale deployment.  
 
4. Conclusions 
EPA has conducted a high-level comparison of the VEF with site assessments of three currently operating GS 
sites. This exercise has enhanced EPA’s knowledge and understanding of potential vulnerabilities of GS, as learned 
by the practical experience at GS projects, and identified areas where the VEF might be improved and further 
developed. The comparison revealed considerable agreement between the key elements of the VEF and the three site 
assessments. It also identified three key topics areas where the VEF could be further developed — expansion of the 
scope of the VEF to include processes unique to other geologic settings, addition or refinement of geologic 
attributes, and expansion on how sites can manage uncertainty. Now that projects such as Frio and Weyburn have 
successfully demonstrated that CO2 can be injected and contained within the subsurface, research efforts are 
beginning to shift to developing monitoring plans (see, for example, Hovorka et al. [7]). Most of the efforts to date 
have focused on the atmosphere and groundwater resources, with less attention focused on other receptors, such as 
ecosystems.  
 
Some relevant questions that may be addressed by future research efforts include: Where do we monitor, what do 
we monitor for and for how long (e.g., changes in plant respiration, soil chemistry, biodiversity)? Can we identify 
quantitative or qualitative thresholds for potential receptor impacts (e.g., changes in soil chemistry, biodiversity 
measures)? What are the effects of CO2 on representative ecosystems, including ecosystem processes and services? 
Can we identify indicator species? How do we account for multiple stressors on the potentially impacted 
environment? Can we design hierarchical monitoring programs in which subsurface measurements can trigger near-
surface or surface monitoring techniques targeted at particular receptors? 
 
Finally, the three sites used in this assessment were selected in part because of the accessibility of detailed site 
information and assessment approach descriptions. The authors would like to recognize the importance of 
transparent, readily available, and accessible site data and information.  
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